Antimicrobial peptides are universal in all forms of life and are well known for their strong interaction with the cell membrane. This makes them a popular target for investigation of peptide-lipid interactions. Here we report the effect of melittin, an important antimicrobial peptide, on the dynamics of membranes based on 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) lipid in both the solid gel and fluid phases. To probe the phase transition, elastic neutron intensity temperature scans have been carried out on DMPC-based unilamellar vesicles (ULV) with and without melittin. We have found that addition of a small amount (0.2 mol %) melittin eliminates the steep fall in the elastic intensity at 296 K associated with the solid gel to fluid phase transition, which is observed for pure DMPC vesicles. Quasielastic neutron scattering (QENS) experiments have been carried out on DMPC ULV in the solid gel and fluid phases with and without 0.2 mol % melittin. The data analysis invariably shows the presence of lateral and internal motions of the DMPC molecule. We found that melittin does have a profound effect on the dynamics of lipid molecules, especially on the lateral motion, and affects it in a different way, depending on the phase of the bilayers. In the solid gel phase, it acts as a plasticizer, enhancing the lateral motion of DMPC. However, in the fluid phase it acts as a stiffening agent, restricting the lateral motion of the lipid molecules. These observations are consistent with the mean squared displacements extracted from the elastic intensity temperature scans. Their importance lies in the fact that many membrane processes, including signaling and energy transduction pathways, are controlled to a great extent by the lateral diffusion of lipids in the membrane. To investigate the effect of melittin on vesicles supplemented with cholesterol, QENS experiments have also been carried out on DMPC ULV with cholesterol in the presence and absence of 0.2 mol% melittin. Remarkably, the effects of melittin on the membrane dynamics disappear in the presence of 20 mol % cholesterol. Our measurements indicate that the destabilizing effect of the peptide melittin on membranes can be mitigated by the presence of cholesterol. This study might provide new insights into the mechanism of action of antimicrobial peptides and their selective toxicity towards foreign microorganisms.
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INTRODUCTION
Antimicrobial peptides are a part of the first line of defense against pathogens. They are found among all classes of life, ranging from bacteria to plants, fish, insects, and mammals [1, 2] . These peptides serve as therapeutic agents against a wide array of infections and even cancer cells [3] .
For the development of therapeutic agents, the selective toxicity is a prerequisite, and the antimicrobial peptides have an edge because they preferentially act on foreign microorganisms while remain harmless to the host cells. For most of the antimicrobial peptides, the cell membrane of the pathogen is the main target. The cell membrane consists of a mixture of lipids, membrane integral proteins, and other small molecules (e.g. cholesterol) which are selfassembled into a heterogeneous structure [4] . Structure and dynamics of cell membranes are susceptible to modification due to interactions with antimicrobial peptides, which has been a subject of interest in biophysics for the last few decades [1] [2] [3] . Because the interaction of antimicrobial peptide with cell membrane is particularly complex, simplified systems composed of phospholipids are often used as a model cell membrane. A prototypical antimicrobial peptide, melittin, is the major toxic component in the honey bee venom [5, 6] . It is a small linear amphipathic peptide consisting of 26 amino acids, of which residues 1-20 (amino-terminal region) are mostly hydrophobic, while residues 21-26 (carboxy-terminal region) are hydrophilic because of the presence of a stretch of positively charged amino acids. Due to its amphiphatic character, melittin is highly soluble in water (greater than 250 mg/ml) and readily associates with other amphiphilic structures such as lipid bilayers [5, 6] . Such a sequence of amino acids, coupled with its amphiphilic nature, is characteristic of many membrane-bound peptides and putative transmembrane helices of membrane proteins [5] [6] [7] . This has led to the use of melittin as a popular system for probing lipid-protein interactions in membranes. Since the association of peptides in the membranes is related to physiological effects [6] , understanding the details of melittin interaction with membrane components is of much interest. Such understanding becomes still more important since melittin is known to mimic the N terminal of human HIV-1 virulence factor [8] , and the alpha-helical conformation of this hemolytic toxin in membranes resembles those of signal peptides [9] . Furthermore, melittin shows similarities in the sequence and structure to a region of the tobacco mosaic virus coat protein (TMV CP) that is crucial for protein-protein and protein-RNA interactions [10] . Due to the aforementioned characteristics and various other interesting properties, such as lysis effect, membrane penetration, antimicrobial 
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activity, and its voltage-dependent ion conductance, melittin has been one of the most extensively studied antimicrobial peptide. Since melittin approaches target membranes via the aqueous phase, it is the melittin properties in water solutions that are particularly relevant to the effects that melittin exerts on membranes. The conformation of melittin in aqueous solutions is a function of many variables such as concentration, ionic strength, and pH [5, 6, 11] . At low concentrations, melittin is monomeric and adopts essentially a random coil conformation.
However, in the presence of lipid bilayers, the peptide adopts a helical conformation and has the ability to form tetramers [5, 6] . Interaction of melittin with a membrane is complex, as melittin may exert several actions, depending on the composition of the bilayer, peptide concentration, bulk solution pH, physical state of bilayer, etc. [5, 6] . Melittin is known to induce reorganization of lipid assemblies that may include vesicularization of multibilayers, fusion of small lipid vesicles, pore formation, and fragmentation into micelles. The exerted effects depend on the experimental conditions, such as peptide/lipid ratio, temperature, etc. [5, 6, 12] . Remarkably, micellization of melittin specifically takes place in membranes composed of pure saturated phosphatidylcholines (PC) and shows an interesting dependence on the solid gel to fluid phase transition temperature (T m ) [13, 14] . In the fluid phase, bilayers are stable as extended liposomes at melittin concentrations of up to 5 mol%. However, as the temperature is decreased into the gel phase region, melittin induces the transmembrane pores and subsequently disrupts liposome into small disk shaped micelles. This bilayers conversion into micelles has been shown to be reversible as the gel phase micellar discs re-amalgamate to form the extended bilayer when the temperature is raised above the lipid phase transition temperature (T m ) [12] [13] [14] . It seems unlikely that a single molecular model could account for all the observed phenomena. Melittin could thus illustrate many scenarios in biological systems, and it provides, from a physico-chemical point of view, an attractive model to reveal the mechanism of lipid-protein interactions at the molecular level. The effect of inclusion of melittin in lipid bilayer on the structural properties has been well studied and reported [5, 6, 12, [14] [15] [16] [17] [18] [19] . However, the effect on the dynamical behavior of lipid bilayer has not been widely studied. Studies of dynamical behavior of lipids are of significance from the standpoint of both basic science and industrial applications. Dynamics of lipid molecules in the bilayer can be studied experimentally using various techniques, such as nuclear magnetic resonance (NMR) [20] [21] [22] , fluorescence spectroscopy [23] , and inelastic neutron scattering [24] [25] [26] [27] [28] [29] [30] [31] [32] . Most techniques are only capable of monitoring the dynamics on a restricted 
time and length scale [33] . Inelastic neutron scattering possesses advantage over other techniques due to an additional experimental parameter, wave vector transfer, Q, which yields spatial information on the geometry of the motion. The neutron spin echo technique, which is capable of monitoring the slowest molecular time scale among the dynamic neutron scattering techniques (as slow as hundreds of nanoseconds), has been recently employed to study the effect of addition of melittin on the bending elasticity of dioleoyl-phosphocholine (DOPC) bilayer, in the fluid phase [32] . However, there is not much information available on the effect of melittin on the local dynamics of individual lipid molecules in both the solid gel and fluid phases, which can be studied experimentally using Quasi Elastic Neutron Scattering (QENS). QENS is an ideal technique for observing molecular motions on a pico-to nanosecond timescale and on a length scale from Angstroms to tens of nanometers [24] [25] [26] [27] [28] [29] [30] [31] [34] [35] [36] [37] [38] [39] . Recently, we have employed QENS to study the relationship of the solid gel to fluid phase transition with the dynamics of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) unilamellar vesicles [39] . Our results show that both lateral as well as internal motions of DMPC molecules change dramatically at the main phase transition. The lateral motion of DMPC molecules becomes an order of magnitude faster in the fluid phase, while the internal motion shows changes not only in the time scale, but also in the geometry [39] .
Cholesterol is a vital component of eukaryotic membranes that plays a critical role in membrane organization, dynamics, function, and sorting [40] [41] [42] . The rigid ring system and the orientation perpendicular to the membrane can make cholesterol an attractive target for many bacterial toxins and fungal antibiotics [43] . The importance of the melittin-cholesterol interaction can be appreciated from the fact that the erythrocyte membrane, which is the natural target for melittin, contains high amounts (up to 45 mol %) of cholesterol [5, 6, 10] Comparing the results obtained from addition of melittin in cholesterol-free bilayer and cholesterol-supplemented bilayers provides us with insights into the role played by cholesterol in lipid-melittin interactions.
Here, we present neutron elastic intensity temperature scans and QENS experiments on unilamellar vesicles (ULV) of neat DMPC and DMPC with cholesterol in the presence and absence of melittin. QENS experiments were carried out in both the solid gel and fluid phases to investigate the role of the physical state of the bilayer in the interaction with melittin. We discuss new findings on the dynamics of lipid molecules with respect to the presence of melittin and its strong dependence on the physical state and composition of the bilayer.
Page 4 of 35 Soft Matter
Soft Matter Accepted Manuscript
Materials
The phospholipid dimyristoylphosphatidylcholine (DMPC) was procured from Avanti Polar Lipids (Alabaster, AL) in powder form. Melittin and cholesterol were obtained from Sigma Aldrich (St. Louis, MO). D 2 O (99.9%) was purchased from Cambridge Isotope Laboratories (Andover, MA). All materials were used as provided.
Unilamellar Vesicles Preparation
DMPC Lipid powders with and without 20 mol % cholesterol (with respect to the total number of lipid and cholesterol molecules) were dissolved in the appropriate amount of chloroform. This concentration of cholesterol was chosen because the natural target for melittin is the erythrocyte membrane, which contains high amounts of cholesterol, up to 45 mol % [5, 40] . Chloroform was evaporated using a gentle stream of nitrogen gas to obtain lipid films. The lipid films were dried to remove residual organic solvent by placing the samples under vacuum (10 -3 atm) for 15 hrs at 310 K. The dried lipid films, with and without cholesterol, were hydrated by dissolving them in D 2 O to form vesicles. These lipid suspensions were subjected to more than four freeze-thaw cycles by alternately placing the suspension in a warm water bath (320 K) and in a freezer (253 K). The vesicles were extruded by passing the suspension more than 25 times through a miniextruder from Avanti Polar Lipids (Alabaster, AL) fit with a porous polycarbonate membrane (pore diameter ~100 nm). During the extrusion process, the extruder was placed on a hot plate set at 320 K, well above the DMPC gel−fluid phase transition temperature. The concentration of the melittin stock solution was determined spectrophotometrically using the extinction coefficient, ε 280nm =5570 M -1 cm -1 [44] with a Shimadzu UV-2700 UV-visible spectrophotometer.
To incorporate melittin into membranes, an appropriate amount of melittin stock solution was presented is an average of 5 scans. The secondary structure content of the samples was quantified using the CD Pro program with the CONTIN method and STR43 basis set [45] .
Neutron Scattering Experiments
Elastic incoherent neutron scattering (EINS) is one of the best suitable techniques [46] [47] to investigate the onset of motion or phase transitions. In EINS or an elastic intensity scan, the scattering intensity centered at zero energy transfer is measured as a function of temperature.
Two kinds of measurements, namely EINS and QENS, were carried out on all four aforementioned vesicles solutions (with and without cholesterol/melittin) using the high resolution backscattering spectrometer, BASIS [48] at the Spallation Neutron Source (SNS), Oak
Ridge National Laboratory (ORNL). For the chosen experimental setup, the BASIS had an energy resolution of 3.4 μeV (full width at half-maximum, for the Q-averaged resolution value), and an energy transfer window suitable for analysis was ±100 μeV. The samples were placed in annular aluminum cans with an internal spacing of 0.5 mm chosen to achieve no more than 10% scattering and thus reduce multiple scattering. The elastic intensity scans were carried out as a function of temperature from 305 to 260 K (i.e., on cooling), with a step of 1 K. QENS data were collected in the Q range of 0. 
where φ is the volume fraction of D 2 O. The so reduced data are proportional to the dynamic structure factor of the system of vesicles, but not expressed in the absolute units. On the other hand, the model scattering functions that we discuss in detail below, S vesicles (Q,ω), are expressed in the units of inverse energy. Thus, following the standard practice of QENS data fitting, a scaling constant was used as one of the fit parameters.
To proceed with the data analysis, it is customary to separate the contribution from different kinds of motions according to their time scales. It is assumed that these contributions are independent of each other. As mentioned earlier, QENS is a suitable technique for studying motions on the nanosecond to picoseconds time scale. In this time scale range, the lipid molecules have freedom to undergo lateral motion within the monolayer (~ns), the segmental or internal motion (~ps), and the fast torsional motion (~sub ps) [24, 30] . BASIS (∆E=3.4 µeV and energy transfer range ± 100 µeV) is one of the best suited spectrometer to study lateral (~ns) as well as internal motions (~ps) of the vesicle, which is of our current interest [24, 30, 39] .
However, fast torsional motion (~sub ps) will not be observable due to limited energy transfer range and will contribute to the background. Therefore, the model scattering law for the vesicles can be expressed as
vesicles lat 
Soft Matter Accepted Manuscript
where S lat (Q,ω) and S int (Q,ω) correspond to the scattering functions due to the lateral and internal motions of the lipid molecules, respectively. The lateral motion is well characterised by continuous flow diffusion [26, 27] and therefore, the scattering law for the lateral motion can be written as
Here Γ lat is the half width at half maximum (HWHM) of the Lorentzian corresponding to the lateral motion of the lipid molecules.
The internal motions are localized, and, therefore, the scattering law for the internal motion, 
Here, the Lorentzian, Γ tot were determined by a least squares fit of the measured spectra. The data were fitted using the program DAVE [50] developed at the NIST Center for Neutron Research.
Model for Internal Motions
Lipid molecules have a complex structure with a number of hydrogen atoms, which makes it difficult to perform quantitative analysis of the internal motion. However, such 
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analysis becomes possible using some approximations [39] , which enable us to extract meaningful physical parameters. Recently, we have successfully described the internal motion of DMPC molecules in unilamellar vesicles in both the solid gel and fluid phases [39] . In the solid gel phase, a fractional uniaxial rotational model, in which a fraction of hydrogen atoms of the acyl chain underdo rotation on a circle with a radius r, has been used to describe the internal motion of DMPC molecules. The scattering law for fractional uniaxial rotational motion can be written as [31, 39, 51] ( ) ( ) ( )
where p is the fraction of mobile hydrogen atoms, N is number of sites equally distributed on a circle of radius r, j 0 is spherical Bessel function of the zeroth order, and D r is rotational diffusion constant. Resultant EISF for the fractional uniaxial rotational model becomes
A summation for N=12, a large enough number (>6), is found to be adequate for adopting the uniaxial rotational diffusion model for the Q-range used here.
However, in the fluid phase, a localized translational diffusion model, in which the hydrogen atoms corresponding to the different CH 2 units of the acyl chain diffuse with varying diffusivities within spheres of varying radii, is found to be more appropriate to describe the observed internal motion [39] . In this model, the radius of the sphere and the diffusivity increase linearly along the acyl chain, in such a manner that the hydrogens near to the polar head group move within the spheres having smaller volume with lower diffusion constant than the hydrogens away from the head group. The scattering law for this model can be written as [39, 52] ( ) 
where M is the total number of CH 2 units in the acyl chain that are contributing to the observed dynamics. For DMPC M is equal to 14. In this model, the hydrogens of the first CH 2 unit (nearest to the polar head group) will undergo localised diffusion within the smallest sphere of radius R min and with the minimum diffusion coefficient D min . As one moves progressively from the polar head group along the acyl chain, both the radius of the sphere and the diffusivity increase and the hydrogens at the end of the hydrophobic tail (CH 3 ) will generate the largest size sphere of radius R max and with maximum diffusion coefficient D max . The resultant EISF for this model can be written as
RESULTS AND DISCUSSION
Circular Dichroism
The far-UV CD spectra of the samples were measured to determine the secondary structural changes of melittin in the presence of DMPC and DMPC with cholesterol. In D 2 O, melittin shows a spectrum typical for a random coil or unfolded protein [53] , this is characterized by a minimum near 200 nm (Fig. 1) . However, in the presence of DMPC, melittin shows two minima around 208 nm and 222 nm consistent with an α-helical conformation of melittin [53] , indicating that it is associated with the membrane. It is evident from Fig. 1 that the presence of cholesterol in the vesicles affect the interaction of melittin with DMPC as CD spectra get shifted towards lower wavelength and the depth of the minima also decrease. This indicates that melittin undergoes less folding with less helical conformation in DMPC/cholesterol vesicles compared to DMPC vesicles. The alpha-helical content in the structure was estimated using CONTIN/ SDP48 basis set analysis [45] . In D 2 O, melittin has ∼ 19 % helical content which was found to increase to ∼68% in the presence of DMPC vesicles. In the case of DMPC vesicles with cholesterol, the helical content is only ∼32%, indicating less interaction of melittin with membrane. Table 1 shows the detailed secondary structural analysis of melittin in D 2 O, in DMPC vesicles, and in DMPC vesicles with cholesterol. 
EINS and QENS
Vesicles without Cholesterol:
Elastic intensity temperature scans probe the mobility in samples by determining the amount of intensity indicates the existence of the solid gel to fluid phase transition. However, inclusion of 0.2 mol % melittin is found to eliminate the steep fall in the elastic intensity at 296 K (inset of Fig. 2a) , which indicates that the presence of a small amount of melittin does have a profound effect on the main solid gel to fluid phase transition. These results are found to be consistent with an earlier differential scanning calorimetry (DSC) study [54] which indicates that addition of melittin leads to a significant broadening (more than 20 K) of the main phase transition peak (
~296 K).
Average mean-squared displacement (MSD), ⟨u 2 ⟩ can be extracted from EINS by assuming the Gaussian approximation to the Q-dependence of the elastic neutron scattering intensity (where Q is the magnitude of the scattering vector) using the following Eq. 
To obtain ⟨u 2 ⟩, the Q-dependent elastic intensities are normalized to the lowest measured temperature 10 K data and fitted with Eq. (14) in the Q range of 0.3 to 1.0 Å -1 . The so obtained mean squared displacements (<u 2 >) for pure DMPC ULV and DMPC with melittin ULV are shown in Fig. 2b . It is evident that in the case of pure DMPC ULV, there is a change in the slope of the MSD at and around the main transition temperature (296 K). However, no such change in slope is observed for DMPC ULV containing melittin. This observation is consistent with the elastic intensity scan, which indicates that the inclusion of melittin inhibits the main phase transition. Moreover, an interesting behaviour of <u 2 > is observed; it is found that below the phase transition temperature (< 296 K), i.e., in the solid gel phase, the average mean square displacement for neat DMPC is lower than that observed for DMPC having melittin. However, in the fluid phase (>296 K), i.e. above the main phase transition, this trend gets reversed, i.e., <u 2 > for pure DMPC ULV is higher than for DMPC ULV containing melittin. This indicates that inclusion of melittin has an interesting opposite effect on ⟨u 2 ⟩ depending on the phase state of bilayer.
QENS spectra for the DMPC vesicle with and without 0.2 mol % melittin in the solid gel On the contrary, in the fluid phase, addition of melittin acts in the opposite way, much reducing the lateral diffusion coefficient, i.e., melittin acts as a stiffening agent. This is consistent with the results obtained from the elastic intensity scans described above, which show that the average mean square displacement for DMPC vesicles with melittin is higher in the solid gel phase and lower in the fluid phase compared to pure DMPC vesicles.
Based on our results, it may be argued that the interaction mechanism of melittin with the lipids is quite different in the solid gel and fluid phases. This observation is supported by a recent fluorescence and cryo-TEM study [14] , which indicates that in the fluid phase, melittin is distributed homogenously in the lipid bilayer. However, as the temperature is lowered into the solid gel phase, melittin becomes distributed rather heterogeneously, and starts to agglomerate.
Such heterogeneous distribution may lead to formation of transmembrane pores. Earlier study [54] also suggested that affinity for melittin with phosphatidylcholine bilayer had a strong dependence on the physical state of the bilayer, in the gel phase, it was found to be much weaker than in fluid phase. The observed QENS results therefore can be explained as follows. In the fluid phase, at such a low peptide to lipid ratio, melittin is distributed homogenously and preferentially lie parallel to the membrane surface [14, 16] . In this case, a large number of lipid molecules experience direct interaction with melittin, which may cause hindrance in the lateral motion of lipid molecules involving the motion of the whole lipid molecules along the leaflet.
However, in the gel phase melittin starts to agglomerate, which may cause the formation of transmembrane pores in the vesicles [14] . Melittin is known to form toroidal pores in the vesicles, in which bilayer bends sharply inward to form a pore lined by both peptides and lipid
Page 18 of 35 Soft Matter
Soft Matter Accepted Manuscript
head groups [55, 56] . In this case, very few lipid molecules interact directly with the melittin.
Moreover, the formation of pores breaks the long range ordering of the lipid molecules, as was found in the gel phase of neat DMPC vesicles. Such morphological change disturbing the packing of lipid molecules could be the responsible for the enhanced lateral motion in the gel phase.
Our QENS data indicates that, along with the lateral motion, there exists a faster internal motion of the lipid molecule. Internal motion of DMPC vesicles in solid gel and fluid phases has been successfully described by us using uniaxial rotational and localized translational diffusion models respectively [39] . The Q-dependence of EISF (A(Q)) and the HWHM (Γ int ) associated with the internal motions of DMPC vesicles in the presence of 0.2 mol% melittin are shown in figures 6 and 7 respectively. The fractional uniaxial rotational diffusion model (Eq. (9)) describes well the variation of EISF with Q as shown by the solid black line. The radius of rotation (r) and the fraction of mobile hydrogens (p) are found to be 2.13 Å and 58% respectively, indicating that 58 % of the hydrogen atoms in the acyl chain are participating in the uniaxial rotation motion on a circle having radius 2.13 Å. It may be noted that in the case of pure DMPC vesicles [39] , the radius of rotation (r) and the fraction of mobile hydrogens (p) are found to be 1.78 Å and 58 % respectively. Thus, addition of melittin leads to a slight increase in the radius of rotation, indicating enhanced flexibility of acyl chains in the presence of melittin relative to the neat solid gel phase. Our observations are consistent with the fluorescence and Raman study by Dasseux et al. [54] indicating that in the solid gel phase addition of melittin decreases the fraction of trans conformation and intermolecular order of the lipid chains. The uniaxial rotational diffusion model (Eqs. (6) to (8)) is used to describe the variation of Γ int with D r as a parameter. Fig. 7 shows that this model provides a good description of the observed Γ int at 280 K, and the D r is found to be 16±2 µeV. By comparison, D r in pure DMPC ULV is found to be very similar (14±2 µeV) [39] . At 310K, the localized translational diffusion model as described above has been used to describe the internal motion of DMPC vesicles in the presence of 0.2 mol % melittin. The variation of EISF observed at 310K can be successfully described using the Eq. (13) and (11), as shown by the solid red line in Fig. 6 . The fitting parameters R min and R max are found to be 0.5 Å and 5.5±0.3 Å, respectively. The corresponding results for pure DMPC vesicles at 310K [39] , R min and R max are found to be 0.1 and 5.2±0.3 Å, respectively. The unrealistically small value of R min should be taken with reservation; it is merely indicative of a 
summary, the same model with slightly changed parameters is able to describe the internal motion of neat DMPC as well as DMPC/melittin. This is true for both cases below and above the phase transition temperature of the neat DMPC system. This observation suggests that the nature of the internal motion of DMPC vesicles is unaffected by the addition of melittin. 
Vesicles with Cholesterol:
The elastic intensity scans measured for DMPC ULV with 20 mol % cholesterol in the presence and absence of 0.2 mol % melittin are shown in Fig. 8a . A temperature region near the main phase transition of lipids, i.e., 296 K, is zoomed in and shown in the inset of the figure. It is evident that inclusion of 0.2 mol % melittin in the bilayer which already has been supplemented by cholesterol does not affect much the variation of elastic scan intensity with temperature. It is evident that inclusion of 0.2 mol % melittin does not affect much the variation of elastic intensity and ⟨u 2 ⟩, except for the transition temperature of the water buffer, which is shifted toward lower temperature. Solid red and magenta lines are drawn as guides to the eye. Fig. 9 at a representative Q=0.9 Å -1 . It is evident that at both temperatures, the effect of inclusion of melittin on the DMPC bilayer which is already supplemented by cholesterol is almost negligible. These observations are consistent with the elastic scan measurements, but 
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provide a sharp contrast with the results obtained for pure bilayer, where melittin acts as a plasticizer at 280K and a stiffening agent at 310K. Eq. (5) can be used to separate the lateral and internal motions in the observed spectra. It is found that spectra for DMPC vesicles supplemented with cholesterol in the absence and presence of melittin can be described well by Eq. (5), and a typical fit of spectra for membranes with cholesterol and melittin is shown in Fig.   10 . The variation of HWHM of the first Lorentzian corresponding to the lateral motion with Q 2 is shown in Fig. 11 for DMPC with cholesterol in the presence and absence of melittin at both 280 and 310 K. It is evident that inclusion of 0.2 mol % melittin does not affect the lateral motion of lipid in the membrane which is already supplemented with cholesterol. It is found that The presence of cholesterol in the phosphocholine reduces the binding affinity of melittin to the bilayer [58, 59] . However, the fraction of membrane-bound melittin also depends on the molar ratio of lipid to peptide [58] . It has been shown [58] that for phosphocholine vesicles, binding of melittin reaches saturation at a lipid/peptide ratio of 50. However, in the presence of cholesterol (40 mol %), the fraction of bound melittin reaches saturation at higher lipid/peptide ratio (~200).
In the present case, we have used lipid/peptide ratio of 500 (0.2 mol %), and therefore expect the fraction of bound melittin to be saturated in both types of vesicles (with and without 20 mol % cholesterol). It has been shown that addition of cholesterol makes the membrane more rigid [40] [41] [42] , which can be quantitatively expressed as the increase in the elastic modulus or the bilayer 
deformation energy of the membrane [40, 41] . Therefore, in the presence of cholesterol it becomes more difficult for melittin to penetrate inside the bilayer. This hypothesis is supported by rece nt measurements [58] in which the depth of penetration of melittin in a bilayer was observed using a parallax method. It has been shown that melittin is localized at a relatively shallow depth in a membrane that contains cholesterol. Our CD spectra also show less alpha-helical conformation of melittin in the case of vesicles with cholesterol compared to cholesterol-free vesicles. This indicates that, in the presence of cholesterol, the folding of melittin, which is dependent on its interaction with the membrane, is inhibited. These results are consistent with the recent piezoelectric sensor and atomic force microscopy (AFM) study [59] , which indicates that the presence of cholesterol in a PC membrane reduces insertion affinity constants for melittin.
These observations are also supported by our elastic intensity temperature scan data, particularly in the region near the freezing point of the water buffer, which shows that in the presence of cholesterol inclusion of melittin in ULV shifts the freezing temperature of water toward the lower temperature. The likely explanation of this shift can be based on the fact that, in the case of membrane loaded with cholesterol, melittin is pushed away from the bilayer and thus interacts with the solvent. On the other hand, in the case of cholesterol-free vesicles, the inclusion of melittin does not affect the freezing temperature of the water buffer. This is because in the absence of cholesterol melittin is not expelled into the solvent, but instead is largely inserted in the bilayer.
For cholesterol-supplemented vesicles, the EISF and HWHM parameters describing the internal motion of DMPC are found to be similar in the absence and presence of melittin, indicating that internal motions are not affected by inclusion of melittin. This is the very same result as obtained for pure DMPC vesicles that the internal motion of lipid is not affected by inclusion of melittin.
Our observation suggests that interaction of melittin with a DMPC bilayer can be modulated by the physical state of the bilayer and by varying the composition of the bilayer. By addition of cholesterol, one can inhibit the disruption action of melittin on the bilayer. Our results support the notion that the rigidity of the membrane strongly influences the melittinmembrane interaction, which is in agreement with previous results [60, 61] .
CONCLUSION
We have performed a quasielastic neutron scattering study that allowed us to investigate various components of phospholipid motion in DMPC-based ULV through the detailed analysis of the dependence of the scattering signal on the momentum transfer, Q. The main goal of the study was to elucidate the effect on the phospholipid dynamics of an important antimicrobial peptide, melittin, either as a standalone additive, or in conjunction with another important cell membrane component, cholesterol, which was supplemented the membrane prior to the melittin introduction.
The present study demonstrates a profound link between the nano-scale structure and the microscopic dynamics of phospholipids in membranes. Melittin exerts great influence on the phospholipid dynamics in the cholesterol-free membrane (particularly, the lateral motions of phospholipid as a whole), acting as a plasticizer in the solid gel phase and a stiffener in the fluid phase. Cholesterol, on the other hand, acts as a stiffener only at 310 K, when pure DMPC vesicles are in the fluid phase. Remarkably, adding melittin to the cholesterol-loaded membrane does not affect the dynamics of the latter, in a marked contrast with adding melittin to the cholesterol-free membrane. At the same time, the internal, localized phospholipid dynamics, described as uniaxial rotation in the gel phase and confined diffusion in the fluid phase, are remarkably insensitive to additives. The morphological membrane changes on the nano-scale, such as formation of transmembrane pore or disruption the membrane structure, must be directly responsible for the plasticizing influence that melittin exerts on the microscopic lipid dynamics in the gel phase. However, in the fluid phase the interaction of melittin with head groups of lipid membrane is mainly responsible for the stiffening effect. On the other hand, preloaded cholesterol precludes embedding of melittin deep into the membrane, as manifested by the unchanged dynamics of the latter after addition of melittin.
Another important conclusion of the present study is that, in the multi-component systems, with more than one additive, the preferential interaction with the lipids of one additive (in this case, cholesterol), may preclude the incorporation into the membrane, and, thus, any influence on the membrane dynamics, of another additive (in this case, melittin). While studies of the effects of additives, one at a time, may be the only practical way to bypass the complexity of the real biological systems to obtain tractable results, in the complex environments of actual 
